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电子显微镜联机设施的建设。该设施由一台 400kV 的离子注入机，一台 50kV




















































Long-term safe operation of nuclear power plant heavily relies on the nuclear 
material performance. The particularity of nuclear materials is embodied in radiation 
effects and radiation accelerated effects. Transmutation products (primarily hydrogen 
and helium) in reactor material and displacement caused by neutron damage often 
according to certain proportion produced at the same time, so the synergy of hydrogen, 
helium and displacement damage cannot be observed in single ion beam irradiation. 
To simulate neutron irradiation more accurately, triple ions beams (H, He and heavy 
ions) are needed to bombard the target as a major cause to displacement 
damage.   Transmission electron microscope (TEM) coupled with ion 
accelerators, which links with ion beam sources, allows in-situ structural and 
chemical observation of materials during irradiation under high displacement damage 
rates. The facility which is being built in Xiamen University will be the first 
three-ion-beams apparatus and transmission electron microscopy online facilities in 
the world, and will play an important role in nuclear materials research and 
development. The planned facility in Xiamen University consist of a 400kV ion 
implanter, a 50kV low energy hydrogen-helium coaxial ion implanter, a 300keV high 
resolution transmission electron microscopy and a 3MV tandem accelerator. Through 
the use of these devices, three ion beams can be directed to a sample in TEM 
simultaneously for the in-situ observation of collective effects of displacement 
damage and the inclusion of hydrogen and helium. 
Ion source for low energy hydrogen and helium coaxial implanter is an important 
part of this facility. Penning ion source was used as such ion source because of 
stability at low pressure, long life-time, simple structure and power supply system 
compared with other ion sources such as high-frequency ion source, Freeman ion 















In this research, we applied different voltages to two anodes of the penning ion 
source to study performance parameters and the mass spectrum of ion beam. By 
studying the relationship between the parameters and performance of the ion source, 
we found that a strong magnetic field can reduce breakdown voltage of the ion 
source and the intensity of the ion beam increases with rising gas pressure. Meanwhile, 
the intensity of the ion beam decreases when anode voltage increases while the 
intensity of the ion beam has a significant increment due to gas pressure. The ion 
beam angle first decreases then remained stable with increasing anode voltage. The 
total H2+ content of the ion beam is from 84% to 91%. And the content decreases 
with increasing discharge voltage, and increases slightly with increasing gas pressure. 
We also applied two different voltages to the two anodes in the main structure of the 
ion source. There was no significant change of discharge characteristics of ion source. 
And the content of H2+ did not show obvious increase with changing discharge 
voltage compared with that of applying the same voltage to the two anodes. Based on 
experimental results, stable ion beam with high intensity and good quality can be 
generated using anode voltage between 600 V and 750 V and gas flow rate between 
0.043 ml/min and 0.20 ml/min. The intensity of generated ion beam varies from 20μA 
to 100 μA. 
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图 1-1 三离子束同时辐照下H与He的协同效应[1] 

















图 1-2 F82H钢内空位的形成，辐照深度 1 μm，470℃，50 dpa[2] 
Figure 1-2 The formation of vacant in the F82H steel when the depth of the 









虑到 He+ 与相应半能量的 H+射程基本一致（利用 SRIM 模拟计算 50keV 的 He+
与 25keV 的 H+注入靶材料为铁的结果如图 1-3 所示），当束流到达靶上后，一
个 H2+离子分成两个 H+，每个 H+能量为 H2+离子的一半。因此，氢、氦同轴离子
注入机采用 H2+离子加速注入，氢离子与氦离子采用一条束线同时注入。在这种
背景下，厦门大学开展了世界上首台三离子束与透射电子显微镜联机设施（图
1-4）的建设。该设施由一台 400kV 的离子注入机，一台 50kV 氢、氦同轴离子









































图 1-3 利用 SRIM 模拟 25keV H+, 50keV He+ 注入 Fe材料后的入射原子浓度分
布，辐照剂量为 1E14 ions/cm2 
Figure 1-3 Concentration distribution of incident particle after injecting 25keV 
H+ and 50keV He+ into iron target (Dose = 1E14 ions/cm2 , using SRIM)  
 
 
图 1-4 厦门大学多离子束加速器与透射电子显微镜联机设施 
Figure 1-4 Multiple ion beam accelerator and transmission electron microscopy 






























日本北海道大学[7]的联机设施由一台 1300 kV JEOL JEM-ARM 1300 透射电
子显微镜，一台 20-300 kV 离子加速器和一台 20-400 kV 离子加速器组成，其中
300keV直线加速器使用的是一台热潘宁离子源。1990 年由NRIM建成了由一台
200 kV JEOL JEM-2000FX 电子显微镜，一台 100 kV 重离子源和一台 30 kV轻
离子源组成的联机设施，两条离子束线均与电镜电子束成 37.7°角[8]。100kV重
离子源为空心阴极离子源，30kV的轻离子源为RF离子源，样品位置处测得的离
子束流强度达到 1018/m2 s1。 
JAERI 于 1990 年在Tokai-mura建立了一台电镜-加速器联机设施[9]，实验设
施包括两台离子加速器（100kV和 400kV），一台 400 kV JEOL JEM-4000FX STEM
电子显微镜（配备了EELS和EDS）和三个辐照平台。其中 400kV加速器为
Cockcroft-Walton型加速器，安装了一台Danfysik 911A重离子源，该离子源可以
















1993 年JAERI位于Takasaki的建立了一套由结合了EELS和EDS 的 400 kV 
JEOL JEM-4000FX STEM电子显微镜，一台 2-40kV粒子加速器和一台 20-400kV
离子注入机组成的原位辐照观察设施建成[10]。其 400kV离子注入机所用的离子
源为弗里曼型潘宁离子源，加速电压为 20~400kV，可获得 300keV 0.2A/m2的He+，
300keV 0.4A/m2 的Ar+。其中的 40kV离子源为双等离子体型离子源，加速电压为
2~40kV。 
1997 年NRIM将EDS和GIF与 1000 kV JEOL JEM-ARM1000 结合，并连接






图 1-5 国内外典型联机设施分布 
Figure 1-5 Typical online facilities distribution in the world 
 
（2）美国 
1976 年，美国弗吉尼亚大学由一台 500kV RCA-HVEM电子显微镜 和一台 
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